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7~ EIecTromagnehc coverage: -1 < n < 4 |d!

. Tracking: 14<n<14 .

q:} ToF&dE/dx: -1 < n < 1
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HOT QUESTIONS IN CcOLD QCD

How are the sea quarks and gluons, and their spins,
distributed in space and momentum inside the nucleon?

How do the nucleon properties emerge from them and
their interactions?

4

How do color-charged quarks and gluons, and
colorless jets, interact with a nuclear

medium?
>MAM.; f;f‘ﬁ How do the confined hadronic states emerge

~.§ from these quarks and gluons?

How do the quark-gluon interactions create
nuclear binding?

How does a dense nuclear environment
affect the quarks and gluons, their
correlations, and their interactions?

What happens to the gluon density in e o o
: ) . 9 9
nuclei? Does it saturate at high energy, emission recombination
giving rise to a gluonic matter with 2
universal properties in all nuclei, even the -
proton? S—— T AT] 3
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HELICITY STRUCTURE

quark gluon  angular Can quarks and gluons explain all the spin?

Spin spin MOMEATUIM N
' - AN P S - what is the role of
~h=(P_WoeplP. )=y S +S+ 3 L+ < gluons?
z < 2007 q - quarks?
B - orbital angular momentum BIIR(\)I(HIWEN
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HELICITY STRUCTURE

Gluon Spin

light Quark Spin

- - “
p+tp =W — e + v
i {s=510 GeV

25 < E; <50 GeV

+

w'w

~— O~ STAR 2013 Preliminary
~6— ~O— STAR 2011+2012 Data
—_— - DSSV08 RHICBOS

B --- ----DSSV08 CHE NLO

-~ L8810 CHE NLO

-1 DSSV08 LO Ay%/y2= 2% error
» 3.3|% beam pol scalle uncertainty nolt shown
-2 -1 0 1 2
lepton

< <11 l'ls"ll 121 VIl 11TeWw! ’ UPPI At

&%Wéﬁ strin
-2
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ern' constraints
8§ A% of 2012
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Golden Channel: incl. jets & di-jets

02 f i ‘, ¢-wcv 4 Data:
RAg Lo STAR 200 GeV
L incl. jets &
N PHENIX n°
m |REIC x range| 1.0 006 .
ok éT . 1 [ dxdg ~0.2:00 @ 10 GeV
- o "'mf" "“’“’: 0.05
= “—— DSSV
o - — - DSSV
02 il . 1 il 1
10 10~ ! x 1
Need to:

constrain x-shape of PDF
reduce uncertainty at low-x
1

(PT3€ + prse’ )

pr3€79+ pT4
M =

X, =

’7 dh—ih BROOKHAVEN
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HELICITY STRUCTURE: 6LUON

500 GeV incl. and Di-jets:

2 0.04
< =
0.035— STAR Preliminary
C  ptp—oJdets + X
0.03— V(s=510GeV
£ Anti-k; R=0.5,Inl<0.9
0025 _.pssvi4
002:_ % NNPDF1.1
E = 2013 (Preliminary)
0.015— = 2012 (Preliminary)
0.01—
0.005—
o
-0.005—
-0. 1 E 1 1 1 1 | 1 1 1 1 ‘
0.015 10 20 30

200 GeV Di-j

40.07 _—
< [mem Di-etA, ;
g 008 ----- DSSV 2014 |

—— NNPDF Pol 1.1 :
[ Scale Uncertainty (
PDF Uncertainty

I Rel. Lumi. Uncertainty

0.02 + 6.5% scale unce
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Particle Level Di- _
STAR Barrel
(ISHE
B
) I =
il m
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~— —L o
. O 8
~1_| °
‘ n=-1 n=0 n=1 n=2

| RHIC <2015

04

- 0.08
<
3
=

0.06

STAR 2012 & 2013
p+p— Jet + Jet + X

(s =510 GeV

Anti-k_ R=05 In nl<09

02

T |||||IT| T

1 ||||||,|]

|||||IT|_I_I'I'ITI1T

DSSV 2014 A
with 90% C.L. band |

projection with —
RHIC data < 2015:
STAR: i
1-jet 200 & 510 GeV
PHENIX: 7
incl. i’ 510 GeV at —
mid & fwd rapidity

IIIII||I L1 111l
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100 120
arton Invariant Mass [GeV/czl

©at 2.5 <« n<4:

NARY | |
statistical
—— uncertainty

bin RMS

[ 1=

systematic
,,,,,,,,,,,,,, uncertainty

9
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WHAT CAN POLARIZED pp TELL US

7

4'6 78

Focus on physics with transversely polarized beams
BROOKHRUEN
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2+1 DIMENSIONAL IMAGING OF QUARKS & GLUONS

Wigner function . .
D t
W (X,bT,kT) QCD genetic map

Jd%b, J d?ky

Momentum Coordinate
space space

f(x P kT) f(x ¢ bT)

TMDs GPDs

(Spin-dependent) 2+1D transverse (Spin-dependent) 2+1D spatial
ra?mentum images images from exclusive scattering
Quay.

2fm?

1 1 0.5 fm

05

0 0
-1 -0.5 0 05 1fm

-0.5

-1

0
-1 05 0 05 1fm

_ Recent theoretical work indicates direct access to Gluon Wigner functigh) UFSHEUVEN
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THE STAR OBJECTIVES FOR TMDs

Q Constrain TMDs over a wide x and Q? range (valence, sea-quarks & gluons)
O data purely sensitive to observables in the TWIST-3 formalism

- different /s = evolution

Q observables purely sensitive to observables in the TMD formalism
- different /s - different p, at the same x, 2 evolution

- Test non-universality of TMDs

QO observables as transversity can be accessed also in collinear observables

- test of TMD factorization

Initial State

Final State

2 Ay for W/-, Z9, DY

> Sivers
Q Ay for jets

- g-Sivers in Twist-3
Q direct photons

=2 q-Sivers in Twist-3

E s relatTd through
—[d’k, flT (kD) gy pps=
i T k|

Brookhaven S ‘ p

9 S

T, p(x,x)

Q Ayr n*/-n® azimuthal distribution in jets
- Transversity x Collins

@ Ayr in dihadron production
= Transversity x Interference FF

Q A, for n+/- and =0
< Novel Twist-3 FF Mechanisms

< related through

H(z) z2fd2 J-ZAJl_Z HJ‘(Z,ZZ kz)

/O,

E.C. Aschemuer
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TMDs AT STAR

[ current data for Collins and Sivers asymmetry:

4

10 | -

- 0 HERMES o K*:P,;<1GeV .

- ¥ JLab Hall-A =*: P, <0.45 GeV ° 7

5 [ X JLab 12 (upcoming) 1
10

® RHIC 500 GeV -1 <m < 1 Collins
O RHIC 200 GeV -1 <n < 1 Collins
B RHIC 500 GeV 1 < <4 Collins

T Illllll
1 llllllI

1

v STAR W bosons
102 < STAR-pp DY Vs =500 GeV

T lllllll
1 Illllll

T
1

10

T lllllll
1 Illllll

—
il

-4 -3
10 10 10 10 X 1

Till today TMDs come only from fixed target data = high x @ low Q?
6 need to establish concept at high Q2 and wide range in x
polarised pp at RHIC
STAR unique kinematics: from high to low x at high Qfrooxnruen
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JETS TO ACCESS TRANSVERSITY x COLLINS

Mz (¥2:kr ) O (§,?,ﬁiAD;f (2, jT)I 0.06

AZ,[; STAR, P P jet =’
A Tt . o~ TAR, » (et .._)X
fy (x0:kp ) £, (%50K7 ) Gy D (207 = | = A b hiey
1 — n, 8= (
ph ’ _e_:/: 0.04 ; %, “§= :gg(cz\:?
z7= { C~ . :: 9:200( V) <
. Jet direction thet 85 ol ° oo e
S <
°
g 0
9 g,
=P Kang et al. 002}
o arXiv:1705.08443
° ° —‘0.04 - .
o proof of factorization TMD evolution (NLL) %
% —006 1 | | 1 ! |
= - 0.06 STAR, P P (jet =) X
& | = 0 vy b T2 St

L T, p,elc v 004 |- . f'.ff_j::gg((g;e%f ' .

4 g E A e
= G 002}
g < A
=N 4 i
g = —

Y W T S————
- 200 vs. 500 00| 7

H%M Q Evolution:

004}
No TMD evolution
Q Test of fc P , . q .
= compai 01 02 03 04 05 06
<2 compar e e
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11 RBRC Workshop, June 2017 E.C. Aschenauer §W




INTERFERENCE FRAGMENTATION FUNCTION (IFF)

pl+p 2 n*'n-+X > transversity x IFF , 1 dot — do?
—_ \ ° ° o AUT S1n (¢RS) ==
Sa survives in collinear framework Pol dot + dot
'§<'5 0.08/— p+p ot 1 + X * \s=500 Gev
[  STAR preliminary
0.06 = V;=2oo GeV
0.04:—
C .
0.02— * & ' ¢
of 5 ! '
- t
. -0.02—
$Rrs = $r — Ps 5 W
Phn= ?h,1+?h,2 % 12F o o ¢ ° ¢ ¢
L) =
ﬁh = Ph1— Ph2 = 1:5_
o E_ .
Ayr inmtm™ IFF e nron
...................... 0.2 0.4 0.6 0.8 1 12 14 '1.6‘2
STAR Data: 4 il M (Gev/c")
O'OBZ-PRL 115, 242501 (2015) Vs = 200 GeV : o . ‘
[ Theory: Radic et al. Q Significant di-hadron asymmetries both
0.06} prp 94, 034012 (2016)
: : at /s=2006eV and /s=500GeV
2 0.04} Q Increasing with py
oot { Q Access to transversity with a collinear
= l } observable
0.00—
04 06 08 10 12 Eﬁgglﬂln!;!!
M IRC Workshop, June 2017 E.C. Aschenauer §WAR




VISUALIZE COLOR INTERACTIONS IN QCD.

Measure non-universality of sivers-function

DIS: pp:
QCD: yq-scattering qqbar-anhilation
attractive FSI repulsive ISI

A, (direct photon) measures the sign change in the Twist-3 formalism

& All three observables can be approached
at 500 6eV at STAR

only way to access HP13 BROOKHAVEN

Brookhaven Science Associates NATIONAL LATui TORY
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FIRST RESULTS: AW

Q Results based on 2011 25 pb-! transversely polarized 500 GeV data
- published in PRL 116 (2016) 132301

Q y and p; for fully reconstructed Ws - recoil combined with MC
- method used at Fermi-Lab and LHC

-4 1_ Z 1_
< [ STAR p-p 500 GeV (L =25 pb’) < [ STAR p-p 500 GeV (L = 25 pb’)
0.8F9.5 <PY <10 GeVie 0.8L9.5 <PV <10 GeVie

0.6
0.4f
0.2}
OF
-0.2-
-0_4; + W' —=Tv

KQ (assuming ‘“‘sign change’’)

KQ (no “sign change”)

'0'6;_ " Globaly2/d.o.f.=7.4 /6 '0'6;_ ~~ Global y2/d.o.f. =19.6 /6
-0.8 :_3.4% beam pol. uncertainty not shown -0.8 :_3 4% beam pol. uncertainty not shown
_1 B l 1 1 1 1 l 1 1 1 1 l _1 L | 1 1 1 1 l 1 1 1 1 l
-0.5 0 0.5 -0.5 0 0.5
y"W yvW

3 Asymmetry favors Sivers fct. sign change

and small TMD evolution for asymmetries
BROOKHEUEN
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RUN-17: A GOLDMINE FOR TMDs@STAR

Collected:

350 pb'1 - 14 times Run-11 for -1 < n < 1.8 > A, W+~ & ZO, Collins,

250 pb-!for 2.8 <n < 4 for' DY and direct photon

k: - STAR p+p 500 GeV (L = 25 pb™) Ir " STAR p+p 500 GeV (L = 25 pb™) < [ STAR p+p 500 GeV (L = 25 pb™)
0.8- 05<P "' <10 GeVic 0'8_05<P <10 GeV/c 1 0.5<P§0<10 GeV/c
0.6:— 0.6f
04" 0.4- 7# 0.5
0.25 _' t— ) 0.2F o —
O; ] w&m 0: J_I ¥ i
-0.2F ' -0.2F 3
W Ty o4l TEW STy xeo\®
~0.4F 4 run 17 proj. (L=350pb", P=55%) —04E % run17 cO \\p-55%)
_0.6 — KQ - no TMD evol. —0.60 x0 Xo o
- —— EIKV - TMD evolved . . Ived
—0.8 - 3. 4% beam pol. u:c‘{:n“:zemty not shown \AQ dogﬂo\““ 's C‘ fS°\\ﬁ ol. unc:r;ﬁnty not shown
. . - - el I IR AR R [
aid -0.5 6 ‘N \\ ?'o "\D ‘¥ 5\"30‘\‘ 1\\“e 5 -1 05 0 o 5 1 15
2 0.017 > s'-? es &~
< 0‘ 5‘ < p'+p->y_+X @ ¥5=500 GeV, y=3.5
OF > .‘QS‘ 0.04|_STAR FPS8FMS: P=55%, Ldt=400 pb™ |
2001 DA Direct Photon
' N 0.02—
A .008
0.02F N 1
0 . . *
' T ________-"'—-—
-0.03 [ =1
- With TMD Evolution 0.02 //
_O 04 _l L1l l L1l l Ll | LLLl I LIl Ll l L1l l Ll Ll | L1l : I‘
4 -3-2-101 2 3 4 | | | | | | | |
01 02 03 04 05 06 07 08

y RBRC Workshop, Ju
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WHAT ABOUT NUCLEI?

Virtual
Photon

Fully Formed
Hadron

BROOKHEVEN

Gl TORY

AR
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HOW DOES THE INITIAL STATE IN AA LOOK?

3 conundrums of the initial state:
Q What are the nPDFs at low-x?

Q How saturated is the initial state of the nucleus?

1/3
Q What is the spatial transverse distributions (Q;t)z,,cgg[é]
of nucleons and gluons? *
O How much does the spatial distribution

~ (2my x)! > 2 R, ~ Al
fluctuate? Lumpiness, hot-spots etc.

Probe interacts
coherently with all nucleons

N% 10°c [} NMC —
S [ [ Bcoms . .
G [ [ eses Gold: 197 times smaller effective x|
3_ . . . .
all: % i Q Rapid rise in gluons described naturally by
: linear pQCD evolution equations
107 Q This rise cannot increase forever - limits on
: the cross-section
10 L Q2 = non-linear pQCD evolution equations
E S Qugy, . .
e provide a natural way to tame this growth
s [ B ) and lead to a saturation of gluons,
E "l / o c
: ‘Yo characterized by the saturation scale Q3,(x)
i , | 7 splitting recombination
107k /7
el el el ol i
10° 107° 107 107 107 107 1
X
BROOKHERVEN

Brookhaven Science Associates NATIONAL LA g

17 RBRC Workshop, June 2017 E.C. Aschcmmrfg& > |



KEY OBSERVABLE FOR SATURATION IN pA

small x S
Bremsstrahlung pQCD 2-22 process = back-to-back di-jet

~ s In(1/x) Forward jet
P A =
7N\

-~
PH {le Phys Rev. Lett. 107, 172301 (2011)

0.1_ 1 d- 1 6 ® 0.5 0 75 GeV/c__ 1 6-2® 0.5 0 75 GeV/c ;_ 2-5 ® 0.5 0. 75 GeV/c i
°=: [ OP+p I by =0.079 T by =0.059 7
S 0.08F Ad+Au 60-88 | pirsess_ g 157 1 pda 6088 = 9 106 -
‘:Q‘[" I ° Od+Au 0-20 | b3A 20 = (.163 1 b2 02 = (.142
s I
= 006 §¢ B =0095 | T ]
N [ A b)A¥=0a41 ] +
; 0.04[ . ® b ** =0.176 T *‘ (:Diic:) T i i
I : [ 1 ]
7 : g%a‘@ 5?%0*# 84 éi .
Z o Sevbestige?  SgheteThe [ et
TS SRR RS NS N R R R ST RS RS SRR N SRS N R W S EE
-1 0 1. 2 3 4 -1 0 1 2 3 4 -1 0 1 2 3 4
A¢ (rad)
dA: alternative explanation through double interactions & 1= ¢ (3 ¢ €5)

L —
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KEY OBSERVABLE FOR SATURATION IN pA

2015 Di-hadron correlations: scanning in x 2 study the evolution of Q.2 in x
Scan A-dependence: pAu and pAl 2 study the evolution of Q.2(x) with A

Resolve ambiguity what causes the suppression in dAu
p_r'trig

x10% «10°
r : T1=1.0-1.5 F1=1.5-2.0 T1=2.0-2.5 T1=2.5-3.0 r T1=3.0-10.0
000 ; ----gnﬂ.o-r rﬁ. :T;Z:l.o-lj 100 iﬁa :fgﬂ.u-u ﬁfﬂﬂms j:'-.':'s’z 1 GGV
I 100 # I ITHEH
0
. A AN ]
T e 50 s e N
%_‘IH 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4 q 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4

g

ﬁﬂ%
o
°,T
o 2%
i
-N
o
.
o o
m
T
2%
mie
o
=)
w
o
ne
o

P~ 000, 00! Jf
0.1 0. 0. 0.4 0.1 0.2 0.3 0.4 ,‘b 0.1 0.2 0.3 0.4 "‘0 01 0.2 0.3 0.4
3 ' AN ool [y BEaaeE 00 By prizses o e
= E I]m BCDMS E h%‘ g;uBEEL Igs LHE&
N r assoc
& [ [gEsss O 500 00 00 Ty Pr
10°L [ SLAC A I 4 k 000
- corr - fj S R
- 01 02 03 04 Y97 o0z 03 o4 Y%7 o0z 03 o4
102 N T A S Ay /). T1=2.5-3.0 ﬁ,ﬂ
é S tri ﬁ:ﬁ:z:sa:ﬂ B 2.0
; M™9Nocut, scaled 00 o ﬂg“
10 F Q7 mmgscaled Y ot Y
N mirig Vi e .
Q2 ’ withAssoc 07 02 03 04 07 02 03 04
8,
1 “Quark mQSSQC
pT1=3.0-100
3001 Eﬂ%u 3010,
10" L 200 k v
1 uul | 1 1 100 n > Ge
10°  10°  10* 1w0® 107 10 P’d e o v
Y07 0z 03 o4
sHEOOKHREVEN
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g 10
ile F
.SB o 360 pb™' pp V5=200 GeV
—l& n
L _+_ pe'=6.0-7.1 GeVic
| _+_ pi'= 11.7 - 13.8 GeVic
—4— p'=192-22.7 GeVic
U=
107
i 1 'l P FEE R REEE i | I P
FalR Rl =
o
2
E ol ﬁ*
T
O o9f-
1 | ] [T TS FEUT FETEY T |
0i 02 03 04 05 06 07 08 09

FRAGMENTATION FUNCTIONS IN pp AND pA

Observable: hadron in jet

PPt _,

only at RHIC:
measure nuclear
effects for
polarized FF

- nCollins

Brookhaven Science Associates

20

-0.05[;

g 10
sl F
8 Lé o 360 pb™' pp V§=200 GeV
2 o
- —+— pe'=6.0-7.1 GeVie
L —+— pe'= 11.7-13.8 GeVic
—4— p=19.2-22.7 GeVie
U=
10"

Data/Theory
5

14
©

-H'H *|

NI PR FETRE FEERE FEuT | | IR R RE FEEN PR

IR FETRE FEETE FEET FEETE FRETE AREEE FRTNE P
0.1 02 03 0.4 05 0.6 07 0.8 0.9

p' + p(Au) — jet + * + X

- p+p, Vs = 200 GeV (STAR Preliminary 2012)
- p+p, Vs =200 GeV (STAR proj. stat. 2012+2015)
- p+Au, VS = 200 GeV (STAR proj. stat. 2015)
- p+Au, Vs = 200 GeV (proj. stat. 2023)

wp Y
e g |-H|I ”””””””””

Jetx; =0.13

Closed points: «t*; Open points:

! | ! ! ! | ! ! !

0.2

fragmentation functions
in p+A/p+p at |n| < 0.4

12

FF/FFS
5

0.8

1.2

FES/FES,
5

0.8

1.2

FF;/ FFop
B

0.8

1T T T T T T T°T1

360 pb”' p+p ¥5=200 GeV
180 pb":N p+A f§=200 GeV

XX

pf'=6.0-7.1 GeVic

e d

llll+llll

1T T T 17T 1T T 11

p;“ =11.7-13.8 GeV/c

L

L

LI B B | i T

1 1 I 1 1 1 1 1 I

o

08

iy
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DIFFRACTION: A NEGLECTED CHILD AT RHIC

Processes: — =500 Gev

X

% :f: }ﬁ :% f;?l:ohra;he optimal %

Phase-il
2021+

Acceptance

Phase-II*
2015+2017

diffractive processes |

. | . ’ . 007‘1....015....;. .115..1.2
inclusive cross section S ueeviq
p+p =7 +X Vvs=200 GeV Y5=200 GeV Ys=500 GeV
o r ]
S T mesons a & E
81025 ° ® 3.7<n<4.15 %_) 103? e 288 %_) 1035_. o 28mas
N vV 3.4<n<4.0 O g2l ® ’ ) 10} cm ® i )
2] [ B Evy W =" 28<n<38,pinAP ~ rv W =.28<n<38,pinRP
%) B 3.05<7<3.45 Py - S 3 S 12l w e
o) 10 *h|a 8 5 10:_ : * ¥ % 28<n<38,pin AP, isolated i 5 ; : . ° ¥ . 28<n<38,pinRAP, isolated i
E L]
> ~20% at leastz @ .. P
S diffractive =, I L2 BN
N 1k . rac lve cgc 10—1;_ Yo cpc Y ®
o E E ° 107 L] L)
© F N L A, L] Ll '
W [<p>=3.3"+ 102g Y : ¢ 102 T
— N
[ NLO pQCD cale. ™ T T
r — KKPFF v v by v by g I L | | 1 PN EE B
—o| - - Kretzer FF <n>=38 1090 20 30 4E0 éso 1990 20 30 4Eo éso
10 B o e e e e S NG e e
25 30 35 40 25 50 55 w [ V] w0 [ V]

Many more interesting physics opportunities with diffraction

> SSA for UPC J/¥ production = GPDs

- Di-jets in UPC = gluon Wigner function (arXiv:1706.01765)

2 R,, for diffractive events = saturation e

Brookhaven Science Associates NATIONAL LARuis TORY
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THE MISSING PIECE: ORBITAL ANGULAR MOMENTUM

GPDs: PDFs that

correlated parton momentum exclusive reactions the vehicle to access L, & L,
and their distributions in golden channel: J/¥
transverse space
o new theoretical concept: Generalized Parton Distributions
0z,

Spin-Sum- Rule in PRF:

1
S=J,+ Jz——AZ+ L+J
: 2

= E(f_lxdx(H"’g )

7 10|

responsible for orbital angular’momentum

J/V¥ production in p T Au UPC
-> world wide only access to GPD E for gluons

1/t —tIm(E+H M?
s (IHI > >
BHOOKHA\IEN

NATIONAL LAT
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RUN-15417: J/¥ IN pp/pA UPC

S 190 AuAu—J/yAu*AuXnXn X =1-4 Vs=200GeV
STAR preliminary
Iyl <1

—e— stat. uncert.

—— Starlight coherent
norm. p_<0.15 GeV/c

p/Au " p/Ad
— 72
v

el £ g

RP accep-rance foru sca??ered pro*on: % 005 01 015 02 025 03 0.3‘5"“’061T &
o 0.4¢
Do ooy socer t-dist for protons (tgt & y-src):
£ osf ] a [
210* o peo
e J/¥-rapidity
0.2 210 ::GDDZ
0.15 i gsmf_
0.1 e gmg_
0.05 g d g
0 25 "’g p-src 300?
A[(GeV/c)] T e - 200~
ng - 0 02 04 06 08 1 12 1.: roto1n.6|t| ) ég/ o 2]2 100;_
"c; B . 0_; ! | 0 | ! 2 Jé/w rapidity‘I
- F & Required:
t y 2017 p 1 +p 400 nb-1

o 2 1k J/¥s
9 6AUT: */-0.2 in 3 *'bins

I S Run-15: ~300 J/¥ BROOKHRUVEN
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STAR IN 2021

STAR forward upgrade 2.5 < n < 4.5
Ecal: reuse PHENIX Ecal

Hcal:design ala
STAR fHCal and EIC fHCal

| Tracking:
4-6 Si strip-disks

w i -~
\ A

upgrade

’ : ndcap
iTPC: vent !'lane [ etector

* Rebuilds the inner sectors /l//

of the TPC

* Continuous Coverage

* Improves dE/dx

* Extends v coverage from
1.0t0 1.5

* Lowers py cut-in from
125 MeV/c to 60 MeV/c

& e | . Improves trigger

EndCap TOF: B * Reduces background

- * Allows a better and
PID at n = 0'9* ‘5 B independent reaction plane

Brookhaven Science Associates
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'dx Ag(x,Q%)

X .
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HOW POLARIZED ARE THE 6LUONS?

SN AL L e L B B L B
- Q2= 10GeV? —gmgglg;]g Data till 2009
. __ DIS rojection w1t —_ 1-0
0.8 L RHIC :a:m iﬂjlcaataszglsz_ d A ~0 2 0.06 10 G Vz
| ] ) AXAg~0.2x50@ 10 Ge only way
06 | mFanos o 0.05 o constrain low x

mid & fwd rapidity

L S ] STAR and PHENIX i}y, further
04 | 1 data till 2015 = - go forward
reduce uncertainties Di-Jets@2.5 < n < 4.0

02 = at x ~ 10-% by factor 2
L 2 2
[ Il sosoocooosaoconasonsassosonacsanscnsoonoacd oo/ SN x10 x10
EERETTT B E R TTT | B AW AT Cone alg.(R=0.7) / E3>5GeV E;,>8GeV Cone alg. (R=0.7) / E{3; > 5GeV E, > 8GeV
- - -4 - 2 -1 4 0.2 4 015
10 6 10 5 10 10 3 10 10 1 <_| —0.8<n3(4)<0/2.8<n4(3)<3.7 <—l 70<n3(4)<0.8/2.8<n4(3)<3.7
X . 0.15 C |
min 01 |
0.1 @ 500GeV - ® 500GeV
0.05
Cone alg. (R=0.7) / E;; > 5GeV E,, > 8GeV Cone alg. (R=0.7) / E;; > 5GeV E,>8GeV 0.05 \\
g 1085—08«] <0/28<m,4<3.7 g 1085001 <0.8/2.8<n, 4 <3.7 0 §\§N \*\ \~§\\ \
o E 3 (4) - 4(3) . [-% E 3 (4) g - 4.(3) - S N\ N
= 107 > 107 0 % \ \ \
2 1080 3 10°L -0.05 -0.05 D
o} Ex o) Ex
T 5™ T 5™
* 107 v 107 0.1 GRSV STD = GRSV STD
3 104" 3 104 == DSSV-08 0.1 |- pssv-08
310§ \b 10% 15 FENENEN ST R A AN A | |
A 103;’ © 103;’ 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.04 0.06 0.08 0.1 0.12
2F 2F
10 “& 10 “E VX, x VX, =M/ Vs VX, VX, =M/ Vs
= /5=500GeV E\/5 = 500GeV %tV 1Y%
10 E 10 E
1 C g € 2 2
5 4 3 2 A 5 4 3 2 - x10 x10
107 107 107 107 10 1 107 107 10 10" 10 1 Cone alg. (R=0.7) / Ers > 5GeV Eq,>8GeV Cone alg. (R=0.7) / E3 > 5GeV Ep, > 8GeV
X4 (Xz) 4 02 ¢ 4 02
g V5 =500GeV < F1.2 <mg(y<1.8/2.8<n,4 <37 < 52.8<n3(4)<3.7/2.8<n4(3)<3.7
3 107?1-2<n3‘4)<1-3/2-3<n4(3)<3-7 3 0.15 T 015
~ 10 = —_ - @ 500Ge 01 E ® 500GeV
g joos g B T E
K E k) -
T o5l 3 0.05
X T
3 104?)(2 3 ° \\
° 3c °
10 e -0.05
1020
E -0.1 GRSV STD
10 = *  DSSV-08
1 - 0(;2 0.04 0.06 0.08 -0-150 02 0.025 Ol)3 00‘35 0.04
10° 10% 10° 1072 107 1 i Uk s v = M Ve . ' x5 v, = M/ Ve
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TMDs AT STAR

Unique Opportunities:
Q constrains TMD evolution

Q are TMDs relevant in the gluon and sea-quark dominated regime?
Q high precision data sets to test QCD concepts of factorization and universality

- answers critical to have an optimal TMD program at EIC
Goaals:

I<n<4

Q Increase statistics for A, DY i
= TMD evolution world best constraint € > A (W*/-Z° ..
- Sivers sign change

O Unravel the mystery what is the underlying process of A,
- measure A, for x*/- :f::

- clear prediction of importance of special Collins like FF -
Q flavor tagging of the Twist-3 equivalent of the Sivers fct.
- Observable h*/- with z > 0.5 in jet
O measure transversity at high x
- Observable: hadron in jet
- constrain tensor charge 84" = [3[6¢“(x)-87"(x)}dx

Kanazawa et al. PRD 89, 111501 (2014)

2 01 [ n
é C 30<n < 4.0 C 30<n < 4.0 C 3.0<nm<4.0 30<q <-40_
23.05 N 3.0< P”"— :1.0 n 4. 0 < Pmel—: 5 0 - f::g_f_ﬂﬁr{_'{:q <9.0
- — T B st T I _,—4—'__-’-_ H I
~ N | OlF M :
0 — = o
~~~~~~~~~~~ e C e o C — C y
005F rho bR e e — A AT ket b=t C e A A A ek - »—Aec A A —h— A
C <x,>=0.2818 C <x.> = 0.3059 C <x,> =0.3518 r ~<x,> = 0.4908 .
01+ <x,> = 0.0045 - <x,> = 0.0052 - <x,> = 0.0067 L <x>> 0. 0136

01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09

Z Z

.4
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HOW DOES THE INITIAL STATE IN AA LOOK?

Current knowledge including

3 conundrums of the initial state: first LHC pA data

Q What are the nPDFs at low-x? e 2
Q How saturated is the initial state of the nucleus? 14 Q" =169GeV
Q What is the spatial transverse distributions 12 EPPS16
of nucleons and gluons? g 10
Q How much does the spatial distribution X 08
fluctuate? Lumpiness, hot-spots etc. w zj »
0.2
0.0 [t eruul vl
10%  10° 10?7 10! 1

pA@RHIC: unique kinematics

X
Q can measure nPDF in a x-Q? region

104F S B A S 3
s i 2659 where nuclear effects are large
- LHCb —— CMS/ATLAS —— ALICE 1 2 2 3 d 3
10°E  w VA DIS (CCFR, CDHSW, CHORUS, NuTeV) . > Q > QS over a wiae r‘dnge in X
2 F oDY®772.E866) = E906 ]
O [ «ecADIS (B-139, E-665, EMC, NMC) b b' f f f‘ l ff
- | Observables free of final state effects
0 sty vi-awosy L » Gluons: R,, for direct photons
E direct photon Py oo ] A
Rty ' » Sea-quarks: R, for DY

Q Scan A-dependence prediction by
saturation models

10 |

L e e L 5 0 can access saturation regime at
forward rapidities
BROOKHEUEN

Brookhaven Science Associates NATIONAL LA T
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HOW DOES THE INITIAL STATE IN AA LOOK?

pA: DY@2.5

—+— DY signal
—— QCD bkg.
—+— DY LO signal
—+— DY NLO signal

Brookhaven Science Associates
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«<n <45

pA: Direct Photon@2.5 < n < 4.5

2

).

Nuclear Modification Factor (R°"

1.15
C v - -
F Rp.a statistical uncertainties
11— \'syn = 200 GeV
Y C
+ DY signal . 1.02F
105 10151
F1.01f
[ 1.005-
1= 1ith I I I I
LI T T S } L 09950
F 099+
0.95/— 0.985F
0.8t
0.9 } recorded 20_1‘5 .
Lp.p=100pb™ L, =0.45 pb
deliver: r
0.85[— Lp,p=293 pb™!, L_ s
1 - - combined “
5 7 8 1 L
M,/ Gev 0.8 o“ ‘o

EPPS16 including

STAR pseudo-data

Au —— ‘
1 *RDYpAu
08 —
06 — is
(\]ﬁ
6 including STAR pseudo-data > 06
\ \ \ L 2
0.4 &}
4 6 8 10 o !
M [GeV] o
(o]
<
>
ERE
<C§ :
s ! EPPS16
| EPPS16 including
‘ SFAR pseud‘o—data ‘
0 "
107 10 107 10 10" 1

" RBRC Workshop, June 2017

Uncertainties:

2015 + 20 pA

eV/c)

=10 GeV?)

R Au(x,Q°

EPPS16

| EPPS16 including
STAR pseudo-data
T I

107 10 107 107 10" 1

X
BROOKHERVEN
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SATURATION WITH THE FORWARD UPGRADE

Expand the number of observables:
- rigorous test of theory predictions
= get a handle on the different gluon distributions

- provide variety of high precision data to test universality of C6GC € EIC
- study of evolution/universality of Q.2 with A and x for different probes

DIS and DY

SIDIS

Chadron in pA

—————————— ;
photon—j@) Dijet in DIS @et in pA

arXivi1101.0715

./

G (WW)

X X

X

X v A

G®@) (dipole)

Vv v

v

v X v

£:Q, [GeV], p:Q,, ' 1GeV]

CGC prediction for

= A:0.67, p:0.168
14F —— A:050, p:0.168
12 [ — — A:060, p:020

1
08
0.6

04
0.2

Ry, direct photon:

C ~ 1.15
I ] [ Rj,a, Statistical uncertainties
F /' 027TeV, direct photon M =2 1 V'E Sy = 200 GeV

0 2 4 6 8 10 12 14 16 18 20

k, [GeV]

PN B BN P BV BN P B B 1 F 1.02F
o e e e e IR S
Sl 241 © 1cos|
121 N =241 L oosr I I
1F J r o.egs—l i I I
<« F 1 099
. S08F -] o0.950985-
~ 06-— r 0.8t
04 L J 0.9 recorded 2015
L C Lp,p=100 pb™, L =0.45 pb™!
02F - E i o
E delivered
L0111 11,1, ] oss Lp=293 pb™, L, =1.76 pb”!
1.9" -1 E - combined
- = - C_ 1 I I I | I I L | L L L |
1421_ n =3 ] 0.8 > i 5 s
sk [ (GeV/c)
06F
04F
02F
0 NP P P P P PR PR PR P Y

Q jet-hadron / jet photon correlations

2o — pp(Q, =0.168 GeV")
ook M= e

— = @, 026GV
A Vi 2
2<py, [GeV] =1 pA(Q,H.165GeV)
0006k 1<PrlGevi2 BN pAQ 026 |

Rezaeian
H i PRD 86, 094016 (2012)
7,
0 1

1 1 1
logyo(xy) 1 2 3 4 5

0.004F

CP,(A®)

0.002

P I PRI RN I IR B
A2 -1 08 06 04 -02 0

= 1M events with forward upgrade
in 2023 pAu and pAl
BROOKHERVEN
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SUMMARY

STAR forward and midrapidity pp/pA unique program addressing
several fundamental questions in QCD

O essential to complete the mission of the RHIC physics program
O Cost effective forward upgrade: Total 5.5 M$ including contingency and
manpower
O pp/pA program essential to fully realize the scientific promise of the EIC
> inform the physics program
> quantify experimental requirements

.p rﬁ EIC physncs ,pr'o“gr'am
erimental requur"émeni"s

BROOKHRVEN

NATIONAL LATy »,x . TORY

.C. Aschcmuer;‘\ o ’go AR
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At 500 GeV in 2017:

Transversity x Collins
p! +p(Au) = jet + n* + X

0.05 ([ p+, s = 200 GeV (Preiiminary 2012)

(

[l >+, 5 = 200 Gev (pro. stat. 2012+2015)
(
(

sin(o6,)

'5 = pep, Vs =500 GeV (Prefiminary 2011)

< I | [ p+o. Y5= 500 GeV (proj. stat. 2017)

MID-RAPIDITY OBSERVABLES

Sivers function through TWIST-3:

sin(oy)

pT+p—>Jet+X

< 0_01: =510 GeV

ST : }+++++ wivnn |l
P i w 0.1
"+ :H DH N . L 05<n, <0
STAR m ~ = - - - T -
L Jet Xp = 0.13 =z C | Sta?. Uncert. 2011 C
i Closedpoims:nr — “ %(’5 001 Bl Froi. Stat. 2017
0.2 YO 0%6 3 3
[ ° z O: -+ ol -+-- T -: + +- T _+_ __I_
linearly polarised gluons W'H'* iy + I +++ ++++
= could be a explanation for " o<, <05 :
- the ridge seen in pp and pA B L R - R s R S TR (R
~ o amer Particle-jet p_ Particle-jet p_
% 0,01 15=500Gev
g - L hi<t (p,)=106GeVic
"g | STAR

T
.
4
_-_

| 2011 Stat. Uncert.

-ootr B Proj. Stat. 2017

coeoen b e b e e e e e e b

To have high precision data at
ﬁ different /s

- constrain TMD evolution
- fixed x and Q? 2> p; different

0.1 0.2 0.3

0.4

05

0.6

z

NATIONAL I \

E.C. Aschenauer -\
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THE STAR FORWARD UPGRADE

Requirements from Physics:

Detector pp and pA AA
ECal ~10%/VE ~20%/\E
HCal ~60%/VE
Tracking charge separation 0.2<pr<2 GeV/c with 20-30%
photon suppression 1/pr

Cost:
ECal: 0.57 M$
Hcal: 1.53 M$

Preshower: 0.06 M$

Calorimeter System:

Intensive R&D work on both ECal and Hcal
as part of STAR and EIC Detector R&D

- several beam test and STAR in situ tests

|| = system optimized for cost and performance
| ECal:
Q reuse PHENIX PbSC calorimeter

with new readout on front instead of W/ScFi SPACAL
significant cost reduction ©

uncompensated calorimeter system @
HCal:
O sandwich iron-scintillator plate sampling Calo

Same readout for both calorimeters = cost

Total: 2.2 M$

based on extensive experience from prototypes
cgg&ingemyeendiamanpower included

NATIONAL LA TabE, TORY

RBRC Workshop, June 2017 E.C. Aschemmrfwg AR




THE STAR FORWARD UPGRADE

Silicon mini-Strip Detectors only

Si + Small-strip Thin Gap Chambers

6 disks

12 wedges, each with
128 strips in ¢ at
fixed radius and 8
strips in the radial
direction at a fixed ¢

60 - 180 cm from IP

Momentum resolution: 20-30%
for 0.2 < pr < 2 GeV/c
track finding efficiency: 95%@100 tr/ev

6 disk 8 R 128*12 PHI

Efficency vs log10(ntracks) for pT=0.20 GeV |

Q/pT mean,sigma vs log10(ntracks)

L oF

... 1= .
08¢ Y ‘A Primary Tracks

[ 2}
06 A  Global Tracks f

[ ) 3

[ V' Primary Tracks :
0.8 joi f

L 4:
0.2}__ | ' 75{ | ! ' ’

L ,5.1

ol—— » d»;‘.(x)“olét.té...ilé...é,“éxsmAét.téxéuu.tws
05005 115 2 25 3 35 4 45 __ O togiotawacks)

ve Dec 109:43:29 2015

log10(ntracks) nR=8 nDISK=6

Cost: 4.1 M$

Brookhaven Science Associates
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""" TR e
en ’ m‘-m

3 Si disks + 4 sTGC
Si- disks:
90, 140, 187 cm from IP

sTGC:
| 270, 300, 330, 360 cm
el from IP (outside Magnet)

Momentum resolution: 20-30%
for 0.2 < p; < 2 GeV/c
track finding efficiency: 80%@100 tr/ev

e p.=02GeV File Edit Yiew Options Tools
= p=1.0 GeV [ QIpT ftsref6 8x12x128 |
‘“0.8: —a— ——p =20 GeV 6
e A e ~#-p =02 GeV WS =
0.7 -m-.p,=1.0 GeV WS c | |
o --a--p_=2.0 GeV WS 5 l
0.6 [
— N -~
0_} o 0.2 GeV/c
F ™ iy F
0.4; 3;
F — [
0.3 . [
% pions ol
02 t 1 6eV/c
0.1 - 1: ~
TS TN R e e F 2 "eV/C
e R T e L Ty
Thu Dec 29 12:45:58 2016 log10(N) Wed Dec 28 15:00:22 2016 |°9“,(N)
L}
Cost: 3.3 M$ BROOKHRUEN
NATIONAL LA Sggs TORY
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SUMMARY OF FORWARD pp & pA MEASUREMENTS

Year Vs Delivered Scientific Goals Observable Required
(GeV) | Luminosity Upgrade
2023 | p'p @ 300 pb™ Subprocess driving the large A for charged Forward instrum.
200 8 Weeks AN at hlgh Xp and n hadrons and ECal+HCal+Tracking
» flavor enhanced
3 jets
2 [ 2023 | p'Au 1.8 pb” What is the nature of the R,,, direct
= @ 8 weeks initial state and hadronization | photons and DY Forward instrum.
; 200 in nuclear collisions ECal+Hcal+Tracking
=
A Clear signatures for Dihadrons, y-jet,
= Saturation h-jet, diffraction
E. 2023 | p'Al 12.6 pb” A-dependence of nPDF, R, direct Forward instrum.
" @ 8 weeks photons and DY | ECal+HCal+Tracking
200 A-dependence for Saturation
Dihadrons, y-jet,
h-jet, diffraction
2021 | p'p @ 1.1 " TMDs at low and high x Ay for Collins Forward instrum.
= 510 10 weeks observables, i.e. | ECal+HCal+Tracking
= hadron in jet
e S :
- & modulations at n
2 -
E. = 12021 | pp@ 1.1 b’ Ag(x) at small x A, for jets, di- Forward instrum.
" 510 10 weeks jets, h/y-jets ECal+HCal
atn>1
BROOKHEVEN
Brookhaven Science Associates NATIONAL LATy4 i TORY
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STUDYING NON-LINEAR EFFECTS

Scattering of electrons off nuclei:
O Probes interact over distances L ~ (2mx)’!

Q For L >2 R, ~A!” probe cannot distinguish
between nucleons in front or back of nucleon

 Probe interacts coherently with all nucleons

2
- a, .X'G();,Qs ) HERA : xG ~ % A dependence . XGA ~A
TR, X

O’

13
Nuclear “Oomph” Factor (0" = cO? A
Pocket Formula: ! Ny

Enhancement of Q¢ with A = non-linear QCD regime
reached at significantly lower energy in A than in proton

BROOKHEVEN
Brookhaven Science Associates NATIONAL I ATUgi TORY
36 RBRC Workshop, June 2017 E.C. Aschenauer - .

WSTAR




EICS PHYSICS IMPACT, COMPLEMENTARITY AND
UNIQUENESS

Complementarity

QCD has two concepts which lay its foundation
factorization and universality

To tests these concepts and separate interaction dependent phenomena from
intrinsic nuclear properties
different complementary probes are critical
Probes: high precision data from ep, pp, e+e-

Factorization

Universality
Examgle: Measure PDFs at HERA at I s=03 TeV:

eeeeeeeeee

One Q) x 2!

..........

nnnnnnnnnnnn

parametrization uncert.

Predict pp and PP measurements at /s=0.2, 1.96 & 7 TeV
(un)polarized cross section ~
POF @ hard-scattering ® Hadronization

CMS preliminary, 60 nb™ Ns=7TeV

%10“ . lyl<0.5 (x1024) |

(G = 0.5=lyl<1.0 (x256) J

Ea [ jmasies

g romasle’ ]

hard-scattering : calculable in QCD g LHe 1
PDFs and Hadronization: need to be determined experimentaly 10° ’ 1

10f — NLO pQCD+NPA, N h ™
[7] Exp. uncertainty 3 *
Brookhaven Science Associates
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FORWARD PROTON TAG66ING& UPGRADE

1

L at 55-58m
Phase | o mpu ot 13-17m Phase |
Phase Il AT T T / Phase ll
< $ A - e N o AW >
VAU WAV,
— 1A . aa <
1 | ‘ \VARV/A\Y,
" Phase-l Vs=500 GeV
i | ) run pp2pp@STAR with
0.8
_ ny more | Phase-II: 1st step
o | T
g 0.6 - /s
“ I b~
L
Q_ 1 .
Q T i :
< [ Pl;ase-ll*
I 1s sfgp n x-directior
02 I s s b s e b s bnS?Nin?s ::7
1 1 1 | l 1 1 L 1 l 1 5-200: 77777777777777777777777777777
% 0.5 1 15 2 -
2 -80f
-t [(GeV/c) L Workshop, June 2017
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